) is produced as a cytotoxic free radical through enzymatic oxidation of L-arginine in activated macrophages. Pure NO
• gas was previously found to induce the Escherichia coli soxRS oxidative stress regulon, which is readily monitored by using a soxS::lac fusion. The soxRS system includes antioxidant defenses, such as a superoxide dismutase and a DNA repair enzyme for oxidative damage, and protects E. coli from the cytotoxicity of NO • -generating macrophages. Previous experiments involved exposing E. coli to a bolus of NO
• rather than the steadily generated gas expected of activated macrophages. We show here detectable induction of soxS transcription by NO
• delivered at rates as low as 25 M/h. Maximal induction was observed at 25 M NO
• per h under anaerobic conditions but at 125 M/h aerobically. After incubation with murine macrophages, soxS expression was induced in the phagocytosed bacteria up to ϳ30-fold after an 8-h exposure. This in vivo induction was almost completely eliminated by the NO
• synthase inhibitor N G -monomethyl-Larginine. The inhibitor increased the survival of a ⌬soxRS strain but not that of wild-type E. coli after phagocytosis, which suggests that induction of the soxRS regulon by NO
• can counteract most of the cytotoxic effects of NO
• production by the macrophages. We show that the soxRS-regulated enzyme glucose-6-phosphate dehydrogenase is an important element of the defense against macrophages.
Activated murine macrophages produce reactive forms of oxygen such as superoxide anion (O 2 Ϫ•
) and hydrogen peroxide (H 2 O 2 ) during their microbicidal assault (3) . These cells also generate nitric oxide (NO • ) through the enzymatic oxidation of L-arginine by nitric oxide synthase (NOS) (19, 27) . Since NOS inhibitors reduce the cytotoxicity of macrophages against bacteria and tumor cells, NO
• is implicated as a key weapon of activated macrophages against various invading cells (13, 14) . Additionally, the strong oxidant peroxynitrite, formed from the reaction of NO
• with O 2 Ϫ• (18, 22) , may also be involved in the cytotoxicity of activated macrophages (39) .
Several protective functions against attack by immune cells have been found in bacteria. In Salmonella typhimurium, the two-component regulatory system PhoP/PhoQ protects bacteria phagocytosed by macrophages (29) and contributes to the virulence of Salmonella organisms in mice (11, 30) . Another Salmonella virulence gene might be that controlling the starvation/stationary-phase genes katF/rpoS (9) . The Escherichia coli SoxRS-controlled redox stress response was recently found to be activated by NO
• and to confer bacterial resistance to killing by activated murine macrophages (32) .
The soxRS regulon is activated by redox-cycling agents (10, 37), which increase the intracellular level of superoxide (21) . The system operates in two stages of transcriptional activation: a redox signal activates SoxR protein as a potent transcription activator for the soxS gene (34, 38) , whose product then triggers transcription of ϳ10 regulon genes (1, 24) . The SoxR protein is a novel gene activator, with an iron-sulfur center required for its activity (15) . The products of the soxRS regulon genes include Mn-containing superoxide dismutase; the oxidative DNA repair enzyme endonuclease IV; glucose-6-phosphate dehydrogenase (G6PD), which produces NADPH; the micF-encoded antisense RNA, which blocks expression of the outer membrane porin OmpF (7, 10); fumarase C (25); and NADPH:ferredoxin oxidoreductase (26) . Elimination of the soxRS regulatory genes sensitizes E. coli to killing by activated macrophages at later times, after the initial respiratory burst (32) . The Mn-superoxide dismutase, endonuclease IV, and micF antisense RNA play important individual roles in the protection against macrophages (32) .
The timing of the soxRS requirement for survival in murine macrophages suggested NO
• as the signal, although activation of soxRS by this agent given as a ''bolus'' dose seemed relatively inefficient compared with that by redox-cycling agents (32) . We show here the strong activation of the soxRS regulon by NO
• at low rates of exposure, which more closely mimics the output of activated macrophages (36) . We also demonstrate directly the dramatic induction of the soxS gene in phagocytosed bacteria in a manner dependent on NO
• generation by the macrophages.
MATERIALS AND METHODS
Bacterial strains. The E. coli strains used in this study are listed in Table 1 . Transductions with phage P1 (28) to construct G6PD-deficient (⌬zwf) and fumarase C-deficient (⌬fumC) mutants were done with lysates of strains HB351 and JH400, respectively (Table 1) , and selection for tetracycline resistance. Loss of the specific enzymatic activities (mutant levels Ͻ1% of wild-type levels) was confirmed by direct measurements (17, 20) .
Induction of soxS::lacZ in a controlled NO • delivery system. Induction of the soxS gene as the hallmark of soxRS regulon activation was monitored by using soxSЈ::lacZ operon (promoter) fusions (16, 34) . Overnight bacterial cultures were diluted 100-fold into fresh LB broth (28) and poured into 250-ml bottles, which were tightly sealed with a cap into which hypodermic needles had been inserted. These needles served for attachment of defined lengths of Silastic membrane tubing (Dow Corning Corp., Midland, Mich.) for NO
• delivery. The bacterial culture was first bubbled with ultrapure argon gas for 30 min under stirring to attain anaerobic conditions. For some samples, a mixture of 10% NO
• -90% Ar (Matheson, Gloucester, Mass.) was then passed through the membrane tubing and entered the cell culture via diffusion through the walls of the tubing; for the control cultures, bubbling with 100% Ar was continued. During the delivery of NO
• , the cells were incubated at room temperature (ϳ25ЊC) with gentle stirring. The dose rates of NO
• delivery are directly proportional to the length of the tubing and were confirmed by measurement of nitrite and nitrate in samples after exposure to air (36) . At the indicated times, 1.5-ml aliquots were taken through a 25-gauge needle with a 3-ml syringe, avoiding introduction of air into the bottle, and assayed for ␤-galactosidase activity with o-nitrophenyl-␤-D-galactoside after permeabilization of the cells with sodium dodecyl sulfate (SDS)-CHCl 3 (28) .
For cell extracts, 100-ml aliquots of the treated cells were collected by centrifugation at 2,000 ϫ g. The cell pellets were processed to obtain extracts and assayed for G6PD and endonuclease IV activity as described previously (10) .
Treatment of bacteria with murine peritoneal macrophages. Phagocytosis of E. coli by murine peritoneal macrophages was performed essentially as described before (5, 32) . For experiments to measure soxSЈ::lacZ induction after phagocytosis, the following modifications were made for recovery of greater numbers of bacterial cells from the macrophages. Freshly prepared murine macrophages were resuspended at 2 ϫ 10 6 cells per ml in minimal Eagle's medium (SMEM), plated on tissue culture plates (90-mm diameter) at 10 ml per plate, and incubated at 37ЊC in 5% CO 2 for 2 h. After the macrophages were washed with phosphate-buffered saline (PBS), an aliquot containing ϳ2 ϫ 10 8 bacteria, previously opsonized with mouse serum (5) and diluted into SMEM, was added to each plate containing macrophages. To promote phagocytosis, the plates were centrifuged at 200 ϫ g for 10 min and incubated for 40 min at 37ЊC. After four washes (10 ml of PBS per wash) to remove the free bacteria, 6 g of gentamicin per ml was added to each plate containing 10 ml of SMEM in order to kill extracellular bacteria, and the incubation was continued at 37ЊC. To examine the effect of the NOS inhibitor N G -monomethyl-L-arginine (NMA), SMEM supplemented with gentamicin and NMA at a 5 mM final concentration was used. At the indicated times, the macrophages were washed twice with PBS and lysed with 5 ml of 1% deoxycholate in PBS and then rinsed with 5 ml of PBS that was combined with the first lysate. Bacteria were collected at 7,500 rpm for 15 min and 14,000 rpm for 2 min at room temperature to reduce the volume of cell suspension and finally resuspended in 100 l of ␤-galactosidase assay buffer (60 mM K 2 HPO 4 , 40 mM KH 2 PO 4 , 100 mM NaCl [pH 7.0]). Aliquots (10 l) were taken and diluted with PBS to determine viable bacteria as CFU. The remaining samples were treated with SDS-CHCl 3 to disrupt the cell membrane.
␤-Galactosidase activity was measured by adapting a fluorometric assay with the substrate 4-methylumbelliferyl-␤-D-galactoside (28) . Permeabilized cells (40 l) were mixed with 10 l of a solution containing 0.4 mg of fluorogenic substrate per ml in dimethyl sulfoxide and incubated for 1 to 2 h, and the reactions were stopped by adding 950 l of the assay buffer. The fluorescence intensity of the product, 4-methylumbelliferone, was measured immediately at 355 nm (excitation) and 445 nm (emission) with a fluorimeter (Spex Fluorolog-II Spectro fluorometer system; Products for Research Inc.). The specific activity of ␤-galactosidase was calculated by dividing the fluorescence intensity by the number of viable cells.
RESULTS

Induction kinetics in a controlled NO
• delivery system. In our previous studies on induction of the soxRS response by NO • , the gas was bubbled into cell suspensions as a means of delivery. NO
• concentrations are difficult to control by this method, and recent work has shown that the relative effectiveness of NO
• can be greater when the gas is delivered at a low but steady rate (36) . We therefore examined the induction of a soxSЈ::lacZ reporter fusion with a controlled NO
• delivery system (see Materials and Methods). Anaerobic exposures of strain TN521 to NO
• were performed at dose rates of 6.25 to 125 M/h (Fig. 1A) . Under these conditions, the maximum initial rate of induction of ␤-galactosidase was obtained at 25 to 125 M/h, with a detectable response as early as 20 min. However, after 60 to 80 min of exposure, the 25 M/h rate gave a higher sustained response than the 125 M/h rate (Fig. 1A) . The submaximal response obtained with the high NO
• dose rate may be due to cytotoxic effects, because the 125 M/h exposure allowed only a 1.3-fold increase in cell density over the 3-h exposure, compared with 1.8-fold for NO
• at 25 M/h and 3-fold for a control culture. NO
• exposure at dose rates of 12.5 M/h or below had no effect on cell growth (2.5-fold increases in 3 h) but also gave only a small induction of soxSЈ::lacZ (Fig. 1A) .
Gradual NO • exposure also induced soxS under aerobic conditions (Fig. 1B) , but with reduced efficiency, as seen previously for bolus exposures (32) . In the presence of oxygen, the maximal induction rate was observed at 125 M/h, again with higher levels being less effective because of cytotoxicity. The higher exposure rates required for a similar NO
• effect under aerobic conditions than under anaerobic conditions are consistent with competition by O 2 -dependent reactions (e.g., NO 2 Ϫ formation [23] ). Activation of the soxS gene by NO
• increased the expression of soxRS-regulated antioxidant activities. Thus, the DNA repair enzyme endonuclease IV was expressed at elevated levels after exposure to NO
• either aerobically or anaerobically (Table 2). G6PD levels were also increased after aerobic exposure, but much less dramatically after anaerobic exposure (Table 2) . Perhaps the zwf gene (encoding the latter enzyme) is repressed in some way under anaerobic conditions. Fumarase C activity could not be assayed accurately because of its apparent instability in extracts of NO • in anaerobic (A) and aerobic (B) conditions. Overnight cultures of TN521 were diluted 100-fold. For anaerobic experiments, the cultures were then bubbled with argon gas for 30 min before NO
• exposure. For NO • exposure, a mixture of 10% NO
• -90% Ar gas was passed through different lengths of the Silastic membrane tubing at room temperature; for anaerobic controls, bubbling with Ar was continued. At the indicated times, 1.5-ml aliquots were assayed for ␤-galactosidase activity. For the 25 M/h, 125 M/h, and control samples grown anaerobically and the 125 M/h and control samples grown aerobically, the values are the means of at least two independent experiments (Ͻ13% and Ͻ3% standard error, respectively). The values for the other samples are from single experiments. (1, 10) ; soxR105, constitutive mutation in soxR (10, 31); ⌬(edd-zwf)22, deletion of the G6PD gene (4); ⌬(manA-fumCA-dgs), deletion of the fumC and fumA genes (12); and ⌽(soxR ϩ soxSЈ::lacZ) and ⌽(⌬soxR soxSЈ::lacZ), lamdba phage lysogens bearing a soxS transcriptional fusion to the lacZ gene accompanied by a functional or a nonfunctional soxR gene, respectively (16, 33) . These mutations were linked to resistance markers for kanamycin (Tn10Km) or tetracycline (Tn10).
b Transductions are indicated by ϫ, with the recipient strain listed first.
VOL. 63, 1995 ROLE OF NO • IN E. COLI RESISTANCE TO MACROPHAGES 795
on February 23, 2013 by PENN STATE UNIV http://iai.asm.org/
Downloaded from
As expected, the induction of soxSЈ::lacZ by NO • was tightly dependent on a functional soxR gene (Fig. 2) . A previous report (25) suggested that G6PD, the zwf gene product, might act to maintain SoxR protein in the inactive state. However, deletion of zwf actually diminished soxSЈ::lacZ induction by NO
• at 25 M/h rather than increasing it (Fig. 2) . A similar result was observed in independent experiments with NO • delivery at 125 M/h (data not shown). The diminished soxS inducibility in the ⌬zwf strain might be due to greater sensitivity to NO
• cytotoxicity, but this point was not tested. SoxRS activation in phagocytosed bacteria. The differential killing of soxRS ϩ and ⌬soxRS strains by activated macrophages exhibits kinetics that parallel NO
• production by the phagocytes (32). However, this observation left open the possibility that transcription of the soxRS regulon might actually occur at an earlier time (before 4 h) but not exhibit survival effects until NO
• is generated in quantity. We therefore sought direct evidence for the induction of soxS inside macrophages after phagocytosis. This goal required an assay for ␤-galactosidase that was Ն100-fold more sensitive than the conventional assay. We therefore used a fluorogenic substrate (28) and modified procedures in order to maximize the recovery of bacteria from the macrophages (see Materials and Methods).
As expected from previous studies (34), there was a slight difference in ␤-galactosidase expression between the soxR ϩ and ⌬soxR strains for untreated cells, and this ratio was not much changed after 4 h of phagocytosis (Fig. 3A) . In contrast, after 8 h in the macrophages, the soxR ϩ strain exhibited a dramatic increase in ␤-galactosidase expression per viable cell, to a value nearly 30-fold greater than that seen for untreated bacteria (Fig. 3A) . The value calculated for the ⌬soxR strain was increased 7-fold Ϯ 3-fold. Although no increase was expected for the mutant strain, the observed value was probably inflated from the contribution of inviable cells containing active ␤-galactosidase.
Direct evidence for an inducing role for NO • generated by the inducible NOS of macrophages (27) was provided by use of the NOS inhibitor NMA. This agent nearly completely blocked
FIG. 2. Effect of ⌬zwf and ⌬soxR mutations on NO
• -induced soxSЈ::lacZ expression under anaerobic conditions. NO
• exposure was carried out as described in the legend to Fig. 1 . Values for are the means of three independent experiments for the soxR ϩ zwf ϩ strain and the means of two independent experiments for the other strains. Open symbols, not exposed to NO (Fig. 3A) . In parallel measurements of viability, NMA partly rescued the ⌬soxS strain TN521 (Fig. 3B) . This observation indicates that the cytotoxicity of macrophage-generated NO
• can be completely counteracted by the soxRS ϩ system. Role of soxRS-regulated genes in survival of NO • toxicity. The soxRS regulon includes at least 10 genes (10), and at least six gene products have now been specifically identified as elements of the regulon. The individual roles of these elements as parts of the cellular defense against activated macrophages need to be identified and are of general interest. Our previous work showed key roles for the superoxide dismutase gene sodA, the DNA repair gene nfo, and the micF regulatory gene (32) . A newly constructed ⌬fumC strain indicated little protection by the fumarase activity up to 12 h after phagocytosis and a small effect at 24 h (Fig. 4) . In contrast, a ⌬zwf strain showed the enhanced killing characteristic of ⌬soxRS E. coli during the first 12 h of phagocytosis and a lesser role after 24 h (Fig. 4) . The eventual survival of these two strains, intermediate between those of the wild-type and ⌬soxRS strains, might reflect the contribution of other soxRS-regulated functions to coping with the cytotoxicity of activated macrophages. Interestingly, prior activation of all these genes by means of a soxR constitutive mutation [soxR(Con)] elevated the survival of the bacteria in activated macrophages significantly but only at times after 4 h (Fig. 4) . This result again indicates a specific role of the soxRS system against NO • -dependent cytotoxic products. Since such a constitutive mutant can be ''superinduced'' by activating signals (31) , the switching on of the soxRS regulon in vivo may be limiting for mitigation of macrophage cytotoxicity by E. coli.
DISCUSSION
The present studies have resolved several key issues regarding the induction of the soxRS oxidative stress regulon and its role in counteracting the cytotoxicity of activated macrophages. One such issue was the effectiveness of NO
• as an inducing agent, which in our previous study seemed to be relatively low compared with that of some superoxide-generating agents (32) . This difference was evidently due to the mode of NO
• delivery, with the controlled, low-dose-rate exposure used in this work being considerably more effective than the bolus exposures used initially. Two factors could account for this difference. First, NO
• has increased stability at lower steady-state fluxes, because its rate of reaction with O 2 (which depends on the square of the nitric oxide concentration) is diminished (23) . Second, sudden exposure to high levels of nitric oxide might cause cellular damage (e.g., to the respiratory chain [8] ) sufficient to inhibit protein synthesis.
The range of NO • exposure rates used in our experiments was consistent with those expected for the early stages of nitric oxide generation after macrophage activation. Published studies (19, 27) indicate that activated murine macrophages can produce 1.2 to 1.5 mol of NO
• per h per 10 7 cells. Under the conditions used here (2 ϫ 10 6 macrophages per ml), this would correspond to 10 to 15 M/h in the medium around the macrophages. However, phagocytosed bacteria experience the steady-state local concentration inside an NO-producing macrophage. Although measurements of this steady-state intracellular level have not been reported, it is sure to be much higher than that estimated for the whole-cell suspension (in which the cells account for only a small fraction of the total volume), as much as 100-fold higher. The lower fluxes that necessarily obtain during the early phase of NO
• synthesis by macrophages would thus be of the same magnitude as we have employed here.
A critical question for the present study was the timing of soxRS activation after phagocytosis. Although the kinetics of soxRS-dependent protection paralleled NO
• production by the macrophages, it was possible that the soxRS regulon might be activated at earlier times but provide resistance to cytotoxicity only at later times. We have found instead that the activation of the regulon in situ exactly parallels the protective effects and depends strongly on NO
• synthesis by the macrophages (Fig.  4) . Nitric oxide is therefore the physiological extracellular signal for this response, and the soxRS system specifically mitigates NO
• -dependent toxicity. Inducible resistance via soxRS against the cytotoxicity of immune cells could contribute to virulence in some E. coli strains by increasing their opportunities for escape from immunological destruction. This consideration would certainly apply to the nonhuman macrophages in which NO
• generation has a demonstrated cytotoxic role (13, 14) and to any human immune cells that employ this radical in cell killing. NO-dependent activation of soxRS could also contribute to the clinical problem of antibiotic resistance, since the soxRS regulon mobilizes mechanisms of multiple antibiotic resistance (7, 10) . Although homologs of the soxRS regulon have not yet been reported for pathogenic bacteria, it would not be surprising if they exist. Indeed, preliminary studies indicate that soxS homologs may be present in S. typhimurium and Enterobacter agglomerans (27a) .
Multiple mechanisms of cellular resistance to oxidative stress are activated via the soxRS regulon (10). Many of these functions have now been implicated in the inducible resistance to NO
• -generating macrophages, with the addition of G6PD to this list in the present work. Although the specific role of G6PD in this resistance remains to be established, it might act to maintain intracellular NADPH levels to fuel antioxidant enzymes such as glutathione reductase. Such a role would imply significant formation of oxidized glutathione in cells exposed to NO • , perhaps via peroxynitrite (35) . Similarly, the repair enzyme endonuclease IV counteracts cytotoxic DNA damages produced in the presence of NO • , and the micFdependent repression of an outer membrane porin mitigates NO • -dependent cytotoxicity (32) . Induction of the Mn-con -FIG. 4 . soxRS-mediated protection of E. coli against murine peritoneal macrophages. The experiment was carried out as described previously (32 (32) . Acting together, these multiple functions may be able to neutralize most of the killing effects of nitric oxide generation by macrophages (Fig. 4) , although the soxRS system clearly does not spare cells from the cytotoxicity of other macrophage-derived products.
Other soxRS-controlled genes either make little discernible contribution to the NO • -dependent cytotoxicity or act at an earlier stage. Thus, even the basal level of Mn-containing superoxide dismutase confers resistance in the early stages after phagocytosis, when oxygen radical generation by the respiratory burst oxidase predominates (3) and before soxRS induction occurs (Fig. 3A) . This effect could result from the known protection by bacterial superoxide dismutase against hydrogen peroxide cytotoxicity, hypothesized to occur by preventing superoxide-dependent reduction of transition metals that would participate in the Fenton reaction to generate hydroxyl radicals (6) . In contrast, the fumC-encoded fumarase did not provide protection at any time after phagocytosis, indicating that maintenance of the Krebs cycle may not be a critical function in these cells.
Our current understanding indicates that the soxRS response would not act to avert the cytotoxicity of immune cells that do not generate nitric oxide. Nevertheless, the activation of such a response by a key cytotoxic weapon of the immune system indicates a possible role in virulence for bacteria that possess it. Since soxRS activation also provides bacterial resistance to multiple antibiotics (2, 7), immunological attack might paradoxically contribute to the medical problem of antibiotic resistance by elevating antibiotic resistance in cells exposed to NO
• .
